Introduction
A growing number of medications such as those used in the treatment of Parkinson's disease and psychiatric disorders are dopamine/serotonin analogs or are designed to stimulate the production/reuptake of these neurotransmitters in the brain [1, 2] . Although both dopamine and serotonin are drug targets for neurological pharmacotherapies, their expression is ubiquitous throughout the body. In particular, they are highly expressed in the gastrointestinal and pulmonary tracts, as well as throughout the cardiovascular system, including the myocardium and cardiac valves [3, 4] . Consequently, chronic use of these drugs can cause significant patient morbidity via off-target, adverse effects such as pulmonary and cardiac fibrosis [5] [6] [7] [8] . Ergoline-derived medications appear to be especially problematic as a number of anorectics [7] and Parkinson's disease drugs [9] of this class cause fibrosis and gross structural changes to the cardiac valves, similar to the symptoms of carcinoid syndrome [7, 8] . These cases of drug-induced valvular heart disease (VHD) are believed to result from excessive, chronic valvular interstitial cell (VIC) activation by serotonin 5HT-2B receptor agonism [10, 11] . Conversely, 5HT-2B antagonism inhibits myofibroblast activation of VICs in vitro, with increasing doses of 5HT-2B antagonist in the presence of transforming growth factor beta-1 (TGF-β1) leading to progressive decreases in alpha smooth muscle actin (α-SMA) expression after 24 h [12] . Ergoline-derived medications therefore appear to be potent regulators of VIC activation and valve repair homeostasis, but the time course of action, progression to tissue-level mechanical dysregulation, and potential reversibility are understudied. We reasoned that mechanisms by which VIC activation translates to VHD could be studied in vitro using assays based on controlled VIC assembly into functional tissues that recapitulate key properties of natural valves.
VICs are a heterogeneous population of predominantly fibroblastlike cells found in all three layers of the valve leaflet extracellular matrix (ECM). VIC populations are rich in mesenchymal stem cells that have robust osteogenic calcification potential [13] , and VIC activation from the quiescent fibroblast phenotype to a contractile myofibroblast phenotype (expressing α-SMA and SM22α [14] ) confers reparative capacity to healthy valves [15, 16] and an ability to generate tissue tone [17] . VICs demonstrate a natural plasticity between these activated and quiescent phenotypes largely in response to their biochemical and mechanical environments. For example, TGF-β has been shown to cause dose-dependent activation of VICs and ECM remodeling [18, 19] . Mechanical properties of the valve niche that regulate VIC activation include transvalvular pressures, ECM stiffness, and fluidic shear forces [20] [21] [22] [23] [24] . Drugs can dysregulate the biochemical and mechanical homeostasis of VICs and cause chronic, pathological VIC activation that can lead to exaggerated matrix deposition, fibrosis, and calcification [7] [8] [9] [10] . The eventual clinical manifestation of pathologically activated VICs presents as late-stage permanent valvular tissue dysfunction [25, 26] . In vitro assays aimed at identifying mechanisms of druginduced VHD would benefit from tissue-level functional metrics that tie VIC activation to valve performance.
Acute, in vitro detection of pathological VIC differentiation has focused on mitogenic signaling pathways involved in excessive 5HT-2B receptor agonism, which include ERK1/2, Src, PKC, and/or TGF-β1 [10, [27] [28] [29] [30] . These provide insight into potential treatment strategies, but acute functional changes to valve tissues resulting from dysregulated activation of these pathways remain largely unknown and undiagnosable clinically. We therefore asked whether VIC-based tissue stiffness and tissue tone stress generation were altered by acute exposure to 5HT-2B agonists. To answer this question, we engineered VIC tissues and measured changes in stiffness in response to exposure to 8β-methylthiomethyl-6-propylergoline (pergolide), a potent 5HT-2B receptor agonist [31] . We then designed and built an in vitro VIC tissue tone stress assay to determine the effects of pergolide on the tissue's capacity to generate contractile stresses. By exposing engineered VIC tissues to a clinically relevant dose of pergolide, we demonstrate that the characteristic tissue stiffening and disorganization of drug-induced valvulopathy are detectable after acute 24 h drug exposure in vitro. Using our tissue tone assay, we demonstrate that acute pergolide exposure reduced VIC tissue contractile capacity. Our results indicate that pergolide-induced mechanical abnormalities that lead to clinically dysfunctional heart valve performance can be detected in vitro after acute exposures. These tissue-level, mechanical assays may provide a platform for drug screening and investigation into early-stage druginduced VHD.
Methods
We developed two distinct in vitro assays to measure VIC tissue stiffness and tone generation in response to acute pergolide exposure. Although fibrotic carcinoid-like valvular pathologies occur primarily in the right heart valves (tricuspid and pulmonary) due to pulmonary clearance of excessive serotonin [32] , pergolide causes both left (aortic and mitral) and right (pulmonary and tricuspid) side valve dysfunction [6, [33] [34] [35] . Because the aortic valve fibrosa layer is most commonly associated with disease [36, 37] , we engineered aortic VIC (AVIC) tissues that recapitulated aortic fibrosa ECM structure (Fig. 1A) . For tissue stiffness measurements, we cultured AVICs on thin fibrous scaffolds that recapitulated the stiffness and structural anisotropy of healthy valve fibrosa tissues. Equibiaxial loading was used to measure the directionally dependent tensile elastic modulus of AVIC tissues exposed to pergolide. To measure tissue tone stress regulation, we cultured anisotropic AVIC tissues on thin flexible cantilevers based on muscular thin film technologies previously developed in our laboratory [38] [39] [40] [41] [42] . Cantilever bending radius, tracked optically, was proportional to tissue contractile force. Stiffness and contraction/tone assays were both performed using acute (24 h) pergolide exposures of 1 μM concentration.
Aortic valve interstitial cell source and isolation
Primary AVICs were isolated from freshly harvested porcine hearts obtained in compliance with FDA guidelines (Blood Farms Inc., Groton, MA, USA). Aortic valve leaflets were extracted from sacrificed hearts and kept in chilled, sterile phosphate-buffered saline (PBS) solution during transport. To harvest AVICs, intact leaflets were dissected from the whole heart and subjected to sequential collagenase digestions at 10 U/l in Hanks' balanced salt solution (55021C; Sigma Aldrich, St. Louis, MO, USA) for 5 min to remove endothelial cells followed by a 2.5 h collagenase digestion at 37°C to dislodge the AVICs from the tissue matrix. AVICs were filtered from the remaining leaflet matrix, centrifuged at 10,000 rpm for 10 min, and cultured in M199 media supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA), 20 mM glucose, 10 U/ml penicillin/streptomycin, 1.5 μM vitamin B12, 10 mM HEPES, and 0.1 mM nonessential amino acids. AVICs were cultured in T75 culture flasks coated with 1% porcine gelatin (G2500; Sigma-Aldrich, St. Louis, MO). At passage 2, AVICs were suspended in a 90/10 solution of FBS/dimethyl sulfoxide and cryopreserved in liquid nitrogen.
Engineered valve tissues
To recapitulate aortic valve leaflet structure in vitro (Fig. 1Ai) , we first fabricated fibrous polymer/bioprotein ("biohybrid") tissue engineering scaffolds using Rotary Jet Spinning (RJS) [43] [44] [45] [46] . Scaffold composition and fiber diameter specifications were formulated and sized based upon tissue engineered valve constructs previously reported in the literature [47] [48] [49] . Scaffold material precursors consisted of poly-4-hydroxybutyrate (55%; Tepha Inc., Lexington, MA, USA), porcine gelatin (40%, G2500; Sigma-Aldrich), and polyglycolide (5%, 457620; Sigma-Aldrich) homogenously mixed in hexafluoroisopropanol (003409; Oakwood Chemical, West Columbia, SC, USA) at 4% w/v prior to fabrication. Fibers were extruded at 30,000 rpm and collected onto rotating cylindrical mandrels at 3000 rpm to produce anisotropically aligned scaffold sheets approximately 200 μm thick; sheets were composed of fibers having an average diameter of approximately 1 μm (Fig. 1Bi) . The composition and axial alignment of these scaffolds recapitulated the biaxial stiffness [50] and structural organization of the native valve leaflet ECM.
AVICs were seeded at a density of 200 k cells/cm 2 onto 8 × 8 mm scaffold pieces cut with the squared faces parallel and perpendicular to the primary axis of fiber alignment (for all conditions and directions, n = 5 tissues). AVICs were then cultured for 48 h in growth medium followed by a serum-free drug incubation period of 24 h as detailed in Section 2.4 ( Fig. 1Bii) . After the drug incubation period, seeded scaffold pieces were individually loaded onto a biomaterials mechanical tester (BioTester; CellScale Inc., Waterloo, ON, Canada) and subjected to equibiaxial tensile loading with applied force ramped linearly between 0 and 2500 mN at a rate of 1 Hz (Fig. 1Biii) . Force-displacement measurements and corresponding images were recorded at 15 Hz. Tensile elastic modulus, E, was calculated using the slope of the tangent in the linear portion of the stress vs. strain curve, and the ultimate tensile strength (UTS) was taken to be the largest stress value obtained prior to failure. To visualize tissue formation, AVICs cultured on the biohybrid scaffolds were imaged using scanning electron microscopy (SEM). After the 24 h drug incubation, tissues were fixed in 2.5% glutaraldehyde (G7776, Sigma-Aldrich) in 0.1 M HEPES (15630-080, Invitrogen) for 1 h. Samples were then rinsed 3 × in 0.1 M HEPES and 3 × in deionized (DI) water for 5 min each. Immediately following rinsing, samples were serially dehydrated in 30%, 50%, 70%, 90%, and 3 × 100% ethanol (89125; VWR, Randor, PA, USA) washes for 5 min each. Samples were dried for SEM imaging using a critical point drier (931 Series SAMDRI; Tousimis, Rockville, MD, USA) and sputter coated in 5 nm of 80/20 platinum/palladium (EMS 300TD; Quorum Technologies, Lewes, East Sussex, UK) to prevent charge accumulation and sample degradation during imaging. A field emitting electron microscope at 15 kV (FESEM Ultra Plus; Carl Zeiss, Oberkochen, Germany) with a high-efficiency secondary electron detector was used to image samples.
AVIC tissue tone stress assay
Based on muscular thin film technology developed in our laboratory [38] [39] [40] [41] [42] , we engineered tissues of anisotropically patterned AVICs to produce contractile thin films. AVIC tissue alignment was engineered to recapitulate the native leaflet's circumferential alignment in the fibrosa layer of the leaflet. Polydimethylsiloxane (PDMS) thin films were fabricated using spin coating and laser cutting processes previously reported by our laboratory [40] . Briefly, 22×22 mm glass coverslips (Product #260300; Ted Pella Inc., Redding, CA, USA) served as the substrate of the thin film chips and were covered in a low-adhesion tape for masking (Product #2080; 3M, St. Paul, MN, USA). Two rectangular island shapes with rounded edges of dimensions 18 × 5 mm were cut from the tape with a CO 2 laser (Epilogue, Golden, CO, USA) and removed with forceps (Fig. 2Ai) ; all laser cutting protocols were generated in CorelDRAW (Corel Inc., Ottawa, ON, Canada). The thermosensitive polymer poly(N-isopropylacrylamide), PIPAAm, (Polysciences Inc., Warrington, PA, USA) at 10% w/v in butanol was spin coated at 6000 rpm for 1 min onto masked coverslips with the rectangular islands removed (G3P8 Specialty Spin Coater; SCS Inc., Indianapolis, IN, USA) to create PIPAAm islands (Fig. 2Aii) . Following PIPAAm spin coating, the masking was removed, and PDMS (Slygard 184 elastomer; Dow Corning, Midland, MI, USA) mixed at a 10:1 base to curing agent ratio was spin coated over the PIPAAm islands at 5000 rpm for 5 min to achieve a uniform 18 μm coating (Fig. 2Aiii ) as measured using a contact profilometer (Dektak 6M; Veeco Instruments Inc., Plainview, NY USA). Once cured, 1 × 3 mm cantilevers were cut into cured thin film chips over the PIPAAm islands with a CO 2 laser (Fig. 2Aiv) .
To mimic the circumferential fibrosa alignment of the native valve, AVIC tissues were aligned in the direction of PDMS cantilevers using microcontact printing techniques. Twenty micrometer lines of human fibronectin (BD Biosciences, Sparks, MD, USA) separated by a gap of 20 μm were microcontact printed using PDMS stamps incubated for 1 h with 50 μg/ml of fibronectin in DI water. After stamp incubation, chips were exposed to UV-ozone (Model #342; Jetlight Company Inc., Phoenix, AZ, USA) for 8 min and then stamped with air-dried Fig. 1 . Biohybrid scaffolds fabricated using the RJS system were designed to mimic the circumferential alignment of the valve fibrosa extracellular matrix (ECM, A). The circumferentially oriented fibrosa "F" provides the mechanical strength of the leaflet, whereas the spongiosa "S" is thought to provide cushioning during leaflet closure during diastole and the elastin-rich ventricularis "V" provides recoil after leaflet opening during systole (Ai, leaflet cross section). The inset to Aii shows a SEM image of decellularized porcine fibrosa (Aii, SEM, scale bar 5 μm), which was recapitulated using RJS-produced nanofibers. Circumferentially oriented nanofibers (Bi, SEM, scale bar 20 μm) were seeded with AVICs and allowed 48 h of growth to form a confluent tissue (Bii, SEM, scale bar 20 μm) followed by 24 h of pergolide or no-drug exposure. After exposure, AVIC tissues were equibiaxially strained (Biii, optical images, scale bar 5 mm) to determine drug-induced changes in tissue-level stiffness and strength (ε i : initial strain at .05%, ε f : final strain at 40%).
fibronectin coated stamps; stamps were brought in contact with chips for less than 1 min. Following fibronectin stamping, chips were immersed in a 5 μg/ml solution of fibronectin in DI water for 15 min to allow for a background coating of fibronectin between the stamped lines (Fig. 2Av) .
AVICs were seeded onto stamped chips at a density of 100 k cells/ cm 2 (1 M cells/thin film chip in a standard six-well plate) and statically cultured for 48 h in standard growth media detailed above in Section 2.1 (Fig. 2Avi , n = 19 tissues for 1 μM pergolide and n = 18 tissues for no drug). After 48 h, AVIC tissues were rinsed in warmed PBS at 37°C to remove potential residual serotonin, dopamine, or other potential confounding factors present in the media serum that may influence drug testing and cultured in serum-free media for 24 h. During the 24 h serum-free incubation, thin film chips were subjected to drug treatment of 1 μM pergolide or no drug (pergolide: P8828; Sigma-Aldrich). A 1 μM dose of pergolide is a saturating concentration for stimulation of the 5HT-2B receptors of heart valve interstitial cells [51, 52] and is an approximation of the blood plasma concentration in the body of an adult patient taking 1-5 mg of pergolide daily, a clinically relevant dosing range [6, 33] .
After the 24 h serum-free drug treatment, thin film chips were gently rinsed with and placed into 5 ml of Tyrode's solution at 37°C; all experiments were performed in 37°C warmed Tyrode's solution (1.192 g/l HEPES, 0.040 g/l NaH 2 PO 4 , 0.901 g/l glucose, 0.265 g/l CaCl 2 , 0.203 g/l MgCl 2 , 0.403 g/l KCl, 7.889 g/l NaCl, pH adjusted to 7.4 using 1 N NaOH; all chemicals from Sigma-Aldrich). To lift the PDMS cantilevers, chips in Tyrode's solution were allowed to briefly cool below 32°C, allowing PIPAAm to phase change into a hydrophilic state, thus releasing the cantilevers which were carefully peeled free from the PIPAAm islands with forceps (Fig. 2Bi) . Once the cantilevers were released, the tissue tone assay was performed on a stereomicroscope (Fig. 2Bii , Model SteREO Discovery.v12, Zeiss).
During the assay, images were taken directly above the thin film chip (Fig. 2Biii) every 30 s. For the first 5 min of the assay, thin films were allowed to equilibrate and establish a basal tone tissue stress. Subsequently, AVIC tissue active contraction was induced via the known vasoconstrictor endothelin-1 (Et-1, E7764, Sigma-Aldrich) at a 100 nM saturating concentration for 15 min. Next, cantilevers were completely relaxed with the addition of the rho-kinase inhibitor HA-1077 dihydrochloride (H139, Sigma-Aldrich) for 10 min at a 100 μM Fig. 2 . The contractile thin film assay was designed to recapitulate the circumferential alignment of the fibrosa layer of the native leaflet ECM in 2D. The fibrosa is primarily composed of fibrous collagen bundles and cell-binding proteins such as fibronectin. To fabricate releasable thin films, a sacrificial layer of PIPAAM was spin coated into islands on a glass coverslip (Ai: masked islands, Aii: spin-coated PIPAAM within islands), followed spin coating a thin layer of PDMS (Aiii) that was cured and laser-cut into cantilevers (Aiv). AVIC tissues aligned in the direction of the cantilevers were created by microcontact printing 20×20 μm lines of fibronectin (Av) and seeding AVICs onto the chips (Avi). AVIC tissues were allowed a 48 h growth period followed by a 24 h pergolide or no-drug exposure. Following drug exposure, cantilevers were released via temperature-driven PIPAAM dissolution (B). Bi shows a schematic of thin film release (left), and the insets (right) show confluent, aligned VICs (immunomicrographs, scale bars 25 μm, blue: DAPI, black top: f-actin, black bottom: α-SMA). Thin film bending radius was tracked optically using a stereomicroscope and Charge-Coupled Device (CCD) (Bii, optical image of thin film assay setup, scale bar is 10 cm; Biii inset: thin film chip, scale bar is 5 cm).
saturating concentration. Bending of the cantilevers as a result of basal tone and active contraction was detected using custom Image J (NIH, Bethesda, MD, USA) software; radius of curvature and stress in the cantilever were then calculated using previously reported custom MATLAB code (Mathworks, Natick, MA, USA) and models [38] [39] [40] [41] [42] .
Immunostaining and tissue alignment analysis
PDMS-coated coverslips were microcontact printed with 20×20 μm fibronectin lines, seeded with AVICs, and cultured as described above (Section 2.3). Following drug incubation, coverslips were fixed in 4% paraformaldehyde (15710; Electron Microscopy Sciences, Hatfield, PA, USA) and 0.5% Triton X-100 (T8787, Sigma-Aldrich) in PBS for 15 min. Coverslips were then rinsed 3 × in PBS for 10 min each and incubated in 5% w/v bovine serum albumin (BSA, 001-000-162; Jackson ImmunoResearch, West Grove, PA, USA) in PBS for nonspecific blocking. After the BSA block, coverslips were incubated in 200 μl of 0.5% w/v BSA solution in PBS containing 2 μl of monoclonal anti-α-SMA (mouse) and polyclonal anti-cofilin (rabbit) antibodies (ab7817 and ab11062, respectively; Abcam, Cambridge, MA, USA) for 2 h. Following primary incubation, coverslips were rinsed 3 × in PBS for 10 min each and then incubated in 200 μl of 0.5% w/v BSA solution in PBS containing 5 μl of DAPI, 2 μl Alexa Fluor 633-conjugated phalloidin (A22284, Invitrogen), 2 μl goat anti-mouse Alexa Fluor-488 (A-11001, Invitrogen), and 2 μl donkey anti-rabbit Alexa Fluor-546 (A-10040, Invitrogen). Coverslips were mounted on standard microscope slides and imaged using a Zeiss LSM 7 LIVE confocal microscope. All images were taken at 20 × magnification producing a field of view of 160 × 160 μm; the number of nuclei within each field of view was used to determine tissue cell density. Fluorescent images of the actin cytoskeleton were used to calculate the Orientation Order Parameter (OOP), a relative measure of axial alignment in tissues [53, 54] . The OOP of a tissue is calculated based upon fingerprint identification algorithms which give a score of tissue anisotropy; an OOP score of 1 indicates perfect axial alignment, whereas an OOP score of 0 indicates no preferential axis of alignment [n=8 tissues, five regions of interest (ROI)/tissue for tissue cell density and OOP measurements; all reported as mean ± standard error of the mean].
Western blot protein expression analysis
To quantify changes in protein expression indicative of AVIC activation state, tissues microcontact printed and cultured as described above (Section 2.3) were lysed at 4°C in radioimmunoprecipitation assay (RIPA) lysis buffer (SLBG8489, Sigma) plus Complete Mini (11836153001; Roche Diagnostic, Mannheim, Germany) and HaltProtease and Phosphotase Inhibitor (1861281; ThermoFisher Scientific, Waltham, MA, USA). Protein expression levels were quantified using a capillary-based Wes Simple Western Analysis (ProteinSimple, San Jose, CA, USA). All procedures were performed according to the manufacturer's protocol (cell lysates were pooled from n=5 tissues for each condition). Briefly, 1 μg cell lysates were loaded into each capillary, and proteins were separated by size in the stacking and separation matrix. Target proteins, including α-SMA, cofilin, and α-tubulin (loading control), were identified using primary antibodies (ab7817, ab11062, and ab7291, respectively; Abcam). The proteins were immunoprobed using manufacturerprovided secondary antibody and chemiluminescent substrate. The resulting chemiluminescent signal was detected and quantified using Compass Software (ProteinSimple).
Statistical analysis
Changes in tissue stiffness, contractility, and alignment due to pergolide exposure were statistically evaluated using SigmaPlot software (v12.0; Systat Software Inc., San Jose, CA, USA). Tissue moduli and ultimate tensile strength in the parallel and perpendicular directions of scaffold fiber/tissue alignment for no drug vs. 1 μM pergolide (Section 2.2) were compared with t tests, passing both the ShapiroWilk normality and equal variance tests. Active tissue tone stress generation for no drug vs. 1 μM pergolide (Section 2.3) failed the ShapiroWilk normality test (Pb.05) and thus was evaluated using the MannWhitney rank sum test. Basal tissue tone stress generation for no drug vs. 1 μM pergolide (Section 2.3) passed Shapiro-Wilk normality and equal variance and was thus compared with t tests. Changes in tissue alignment OOP for all no drug vs. 1 μM pergolide (Section 2.4) were evaluated with t tests, passing both the Shapiro-Wilk normality and equal variance tests. For all statistical analyses, P values less than .05 were considered statistically significant.
Results

Pergolide-induced tissue stiffening
The clinical manifestation of pergolide-induced VHD is valvular dysfunction (e.g., regurgitation and/or stenosis) resulting from stiffened fibrotic leaflets [26] . We therefore asked if pergolide-induced AVIC tissue stiffening could be measured in vitro using biaxial tensile testing of engineered AVIC tissues. AVIC tissues were engineered on valve-like scaffolds to mimic the fibrosa layer of the leaflet and exposed to 1 μM pergolide for 24 h following a 48 h period of tissue formation (Fig. 3A) . After exposure, tissues were equibiaxially strained, and force-displacement data were used to measure pergolide-induced changes in tissue tensile modulus, E, and UTS (Fig. 3B) . E values measured in the primary axis of fiber/tissue alignment (parallel) increased by 27% following 24 h exposure to 1 μM pergolide (t test P b.05, Fig. 3Ci ). E values in the perpendicular axis of fiber/tissue alignment increased by 23% following 24 h exposure to 1 μM pergolide (t test P =.49, Fig. 3Cii ). No differences in UTS were observed. These data suggest a directionally dependent increase in tensile modulus (stiffness) along the axis of tissue alignment resulting from acute (24 h) pergolide exposure.
Pergolide-induced reduction of tissue tone generation and structural anisotropy
The increased tensile modulus that we observed in AVIC tissues exposed to an acute pergolide dose suggests that pergolide induced a phenotypic change towards synthetic AVIC tissues. We therefore asked if a change from the fibroblast-to-myofibroblast phenotypic activation state in AVIC tissues was induced in response to acute pergolide exposure. Immunostaining and protein quantification of AVIC activation markers revealed expression of both α-SMA and cofilin in both nodrug and pergolide-treated tissues. α-SMA staining in no-drug AVIC tissues appeared more continuous and uniform throughout the tissue when compared to pergolide-treated tissues. Cofilin staining in nodrug AVIC tissues appeared more diffuse compared to pergolidetreated tissues (Fig. 4Ai) , where cofilin revealed a high degree of colocalization with cytoskeletal f-actin (Fig. 4Aii) . Western blot protein expression showed a 30% decrease in α-SMA expression in pergolidetreated AVIC tissues, whereas cofilin expression was unchanged by drug exposure (Fig. 4B) . Given that AVIC activation has been shown to decrease with increased cell density [55] , our data taken from confluent tissues suggest that pergolide exposure increases this contact-driven activation-to-quiescence mechanism acutely in AVICs.
We then asked if this phenotypic shift would affect the AVIC tissue's ability to modulate tissue tone. To measure tissue tone in vitro, anisotropic AVIC tissues were engineered using microcontact printing on thin film cantilever substrates; after 48 h of growth, tissues were exposed to 1 μM pergolide for 24 h. Following exposure, thin film tissues were released at one end, permitting optical measurement of active and basal tissue tone stress generation (Fig. 5A) . Released cantilevers were given 5 min to acclimate and reach their basal tone (Fig. 5Bi) followed by 15 min of Et-1-induced active contraction (Fig. 5Bii) and 10 min of HA-1077-induced relaxation (Fig. 5Biii) . Although AVIC tissues in both no-drug and 1 μM pergolide-treated groups were equally dense (Fig. 5Ci) , pergolide-exposed tissues had a significantly reduced active and basal tone stress generation (t test P b.05, Fig. 5Cii active and Ciii basal). Because of the unidirectional nature of our contractility assay, we asked if these observed losses in active and basal tissue tone were influenced by changes in tissue anisotropy, i.e., deviation in alignment relative to the contractile direction of the thin films. As measured by their f-actin OOP, 1 μM pergolide-treated tissues had a reduction in tissue alignment of 7% relative to no-drug controls (t test P b.05, Fig. 5D ). Taken together, these data suggest that acute pergolide exposure reduces AVIC tissue stress generation capacity, which is due, at least in part, to a loss of axial tissue alignment.
Discussion
Using engineered AVIC tissues exposed to an acute pergolide dose, we observed a significant increase in tissue tensile modulus along the primary axis of fiber/tissue alignment. This increase in tensile modulus of our thin AVIC tissue model is suggestive of the drastic increases in stiffness observed clinically in cases of valve fibrosis. Fibrotic valve Fig. 4 . No-drug and pergolide-treated AVIC tissues expressed both α-SMA and cofilin. Nodrug AVIC tissues exhibited more uniform α-SMA staining throughout the tissue (Ai, red), whereas cofilin staining was more diffuse within cells (Ai, green). Tissues treated with 1 μM pergolide exhibited less pronounced α-SMA staining throughout tissues (Aii, red) but a higher degree of cofilin-actin colocalization (Aii, white: f-actin and green: cofilin) than no-drug tissues (scale bar 50 μm for all images; n=3 tissues per condition). Protein quantification revealed a 30% relative decrease in α-SMA expression due to acute pergolide exposure, whereas no difference was observed in relative cofilin expression due to the drug (B, cell lysates were pooled from n=5 tissues for each condition, proteins of interest normalized to α-tubulin as the loading control).
lesions observed in patients pathologically affected by pergolide are accompanied by leaflet tissue stiffening that ultimately leads to valvular insufficiency [9, 56] . The current standard of care for monitoring druginduced functional heart valve irregularity is echocardiography, usually performed at roughly 6 month intervals [57] . Our results indicate that pathological changes in biaxial valve tissue stiffness can potentially be observed and quantitatively measured on the order of days rather than months. Future studies may determine whether early-onset stiffness changes can be observed clinically using high-resolution echocardiography [58] or magnetic-resonance-imaging-based [59] noninvasive imaging techniques.
Our results support the hypothesis that tissue-level pergolideinduced pathologies may, at least in part, be due to a shift in AVIC phenotype towards an overly synthetic activation state [60] . This was further evident in the effect of pergolide on our contractile thin film assay; that is, stiffer and more synthetic AVIC tissues were not able to generate as much tissue tone. When treated with the same pergolide dose (1 μM), the thin film tissue stress assay showed a nearly 50% reduction in both active and basal tone stress generation. The significantly reduced contractility following drug exposure is further suggestive of the potential off-target effect of pergolide on the cardiac valves. In particular, as AVICs lose their stress generation capacity, they may lose their ability to maintain tissue tone within the leaflet, thus disrupting their homeostatic mechanical environment. A loss in this mechanical feedback mechanism may result in further and more permanent AVIC pathological activation within the tissue [61] .
α-SMA and cofilin staining and expression quantification were consistent with the observed AVIC tissue tone stress generation data. The expression of α-SMA, a protein critical to the contractile mechanism of AVICs, was decreased in pergolide-treated tissues, which is consistent with the observed decrease in active and basal stress generation relative to no-drug tissues. Additionally, increased cofilin-actin colocalization in pergolide-treated tissues suggests increased cell motility within the tissue [62] , which is an indicator of early myofibroblast response to injury [63] . Colocalization of cofilin with cytoskeletal f-actin is necessary for eventual stress fiber assembly [64] and has been proposed to be required for cardiac myofibroblast differentiation after force-induced injury of the myocardium [65] . As a result, the initial decrease in α-SMA expression and increase in actin colocalization of cofilin in pergolide-treated AVIC tissues observed here may reflect early "protomyofibroblast" stages of permanent myofibroblast differentiation in our engineered tissues.
Additionally, the loss of functional tissue tone generation in our contractility assay is indicative of a loss in the AVIC population's stress generation capacity in a single direction. Because our AVIC tissues were engineered to be initially aligned in the direction of the thin film cantilevers, a loss in tissue alignment will reduce measured contractile stresses. We observed a 7% loss of AVIC alignment in response to 1 μM pergolide exposure, as quantified using the orientation order parameter. The pergolide-induced reduction in measured AVIC tissue contractility therefore likely resulted from increased tissue stiffness, early reduction in α-SMA expression, and loss of tissue alignment. This is in Fig. 5 . Following AVIC tissue growth, exposure, and thin film release, the tissue tone generation assays were conducted (A). First, a basal tone was established for 5 min (Bi) followed by the induction of active stress generation via administration of 100 nM Et-1 (Bii). Following 15 min of active contraction, 100 μM HA1077 was administered to induce full relaxation of the cantilevers for 10 min (Biii; scale bars in B 1 mm, all optical images). No differences in tissue cell density were observed among the conditions [Ci, n=4 tissues with five fields od view (FOV)/tissue for no-drug tissues and n=5 tissues with 5 FOV/tissue for pergolide-treated tissues]. Tissues exposed to 1 μM pergolide exhibited reduced tissue tone generation of 7.60±1.19 kPa active tone (Cii, red) and 4.28±0.80 kPa basal tone (Ciii, red) compared to no-drug controls which exhibited tissue tone generation of 13.40±2.23 kPa active tone (Cii, blue) and 6.97±1.37 kPa basal tone (Ciii, blue). All conditions are reported as mean ± standard error of the mean (n=19 tissues for 1 μM pergolide and n=18 tissues for no drug, *Pb.05). To investigate tissue alignment, OOP of the f-actin cytoskeleton were measured (D, immunomicrographs, scale bars 50 μm; blue: DAPI, black: f-actin). Tissues exposed to 1 μM pergolide exhibited a decreased OOP of 0.82±0.02 (D, n=9 tissues, five ROI/tissue), whereas no-drug control tissues exhibited an OOP of 0.88±0.02 (D, n=8 tissues, five ROI/tissue; all reported as mean ± standard error of the mean, *Pb.05).
agreement with previously reported mathematical models of varied tissue orientation and thin film mechanics [66] as well as drug-induced changes in tissue alignment that influenced smooth muscle cell stress generation [67] .
The standard of any in vitro drug screening platform or Organ-on-aChip technology [68, 69] is its relevance to the clinic. In the case of this study, the retrospective and pathological comparisons of pergolideinduced VHD observed clinically and those observed using our platforms must be critically compared. We aimed to expand upon the current mechanistic study of drug-induced VIC pathology by developing tissue-scale mechanical models. The AVIC tissue assays we built showed pronounced functional changes in AVIC tissue tone generation, loss of tissue alignment, and a significant increase in tissue tensile modulus following acute drug exposure. In particular, the tissue modulus and alignment results draw direct comparison to the gross structural and mechanical changes of pergolide-induced VHD observed clinically and in explanted tissue [70] . At the cellular scale, markers of off-target cardiac valve pathologies induced by pergolide and other ergoline-derived medications may include morphological changes in tissue alignment or other biological markers such as increased chronic α-SMA expression and excessive mitogenic activity [71] . However, we additionally propose that an increase in stiffness and loss of tone generation capacity at the tissue scale may serve as effective functional markers of early drug-induced VHD for current and future neurological medication evaluation and development. Many nonspecific dopamine agonists including the drugs 3,4-methylenedioxymethamphetamine [51] , fenfluramine-phentermine [7, 72] , and cabergoline and pergolide [9, 25, 73] have been shown to cause valvular dysfunction. Similar new dietary, Parkinson's disease, and other psychiatric drug development designed to act on serotonin and/or dopamine may benefit from these platforms as techniques to determine early warning signs of VHD. The in vitro assays presented here are well suited to study AVIC activation and tissue-level consequences of AVIC-myofibroblast dysregulation and differentiation. We expect further use of these assays to identify off-target drug effects that alter the phenotypic balance of AVICs, disrupt their ability to maintain mechanical homeostasis, and lead to VHD [10, 15, 16, 74] .
Conclusion
We designed and built two complimentary in vitro assays to measure AVIC tissue stiffness and contractile capacity, and validated their use for preclinical drug screening using a known valvulopathogen, pergolide. Our contractile thin film tissue tone assay was sufficiently sensitive to reveal pergolide-induced reduction of AVIC tissue contractile tone concomitant with increased tissue stiffness and loss of tissue anisotropy measured independently. These results highlight the role of AVICs in the maintenance of tissue tone and are suggestive of the acute off-target effects of pergolide and, potentially, other 5HT-2B receptor modulators. Because our assays are based on measurements of tissue-level pathologies, they will serve as effective preclinical drug screening assays that bridge cell-based assays with clinical evaluation methods.
Study limitations
This study was limited to acute, 24 h, drug exposure; therefore, these data are indicative of the very early onset of off-target drug effects on the cardiac valves, of which we have little direct clinical comparison. Therefore, these results are suggestive of the chronic pathologies observed clinically, and further time points are required to investigate the full etiology of ergoline-derived drug-induced VHD. Additionally, all samples were cultured under static conditions, thus not mimicking the pulsatile flows and pressures that the native valve is exposed to. The native valve is largely composed of VICs covered by a monolayer of valvular endothelial cells (VECs) that regulate VIC phenotype [75] .
Although we chose to study AVICs in isolation, future studies will include VIC/VEC co-cultures.
